CNS inflammatory responses are linked to cognitive impairment in humans. Research in animal models supports this connection by showing that inflammatory cytokines suppress long-term potentiation (LTP), the best-known cellular correlate of memory. Cytokine-induced modulation of LTP has been previously studied in vivo or in brain slices, two experimental approaches containing multiple cell populations responsive to cytokines. In their target cells, cytokines commonly increase the expression of multiple cytokines, thus increasing the complexity of brain cytokine networks even after single-cytokine challenges. Whether cytokines suppress LTP by direct effects on neurons or by indirect mechanisms is still an open question. Here, we evaluated the effect of a major set of inflammatory cytokines including tumor necrosis factor-α (TNFα), interleukin-1β (IL-1β) and interleukin-18 (IL-18) on chemically-induced LTP (cLTP) in isolated hippocampal synaptosomes of mice, using fluorescence analysis of single-synapse long-term potentiation (FASS-LTP). We found that TNFα and IL-1β suppress synaptosomal cLTP. In contrast, cLTP was not affected by IL-18, at a concentration previously shown to block LTP in hippocampal slices. We also found that IL-18 does not impair cLTP or brain-derived neurotrophic factor (BDNF) signaling in primary hippocampal neuronal cultures. Thus, using both synaptosomes and neuron cultures, our data suggest that IL-18 impairs LTP by indirect mechanisms, which may depend on non-neuronal cells, such as glia. Notably, our results demonstrate that TNFα and IL-1β directly suppress hippocampal plasticity via neuron-specific mechanisms. A better understanding of the brain's cytokine networks and their final molecular effectors is crucial to identify specific targets for intervention.
Introduction
Brain inflammation comprises a complex response orchestrated by multiple cells and modulated by molecular networks of soluble factors, mainly cytokines [1] . Observations in both humans and animals indicate a link between brain inflammation and cognitive alterations [2] [3] [4] , which might be reflecting suppression of neuronal functions by cytokines. However, elucidating neuron-specific effects of cytokines has been challenging because most brain cells express cytokine receptors [5, 6] . Moreover, cytokines commonly increase the expression of multiple cytokines in their target cells, thus increasing the complexity of brain cytokine networks even after single-cytokine challenges [6] . A better understanding of these cascades and their final neuronspecific effectors is crucial to identify specific targets for intervention.
Relevant for cytokine-cell maps, data on peripheral and brain levels of cytokines provide information reflecting steady-state levels of cytokine networks in health and disease. Notably, interleukin-1β (IL-1β), interleukin-18 (IL-18), and tumor necrosis factor-α (TNFα) belong to a major set of cytokines driving inflammatory states in the brain in both acute (e.g., infection and surgery) and chronic diseases [e.g., depression and Alzheimer's disease (AD)] [7] [8] [9] . In particular, changes in peripheral and cerebrospinal fluid (CSF) We are pleased to contribute to this issue dedicated to Eli Michaelis. Over his career, he has generated a legacy of key discoveries to the field of glutamate as a neurotransmitter in the brain from its metabolism, glia neuron interactions, to its role in brain excitability. Our work and that of others builds on his contributions. He has been and will continue to be a great friend, scholar and colleague.
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levels of IL-1β, TNFα and IL-18 accompany AD [10] [11] [12] . A comprehensive analysis of 118 research articles to compare levels of 66 cytokines in blood or CSF obtained from mild cognitive impairment (MCI) and AD patients suggested that IL-1β and TNFα increase slowly during disease progression, while IL-18 transiently increases at time of MCI to AD conversion [10] . Moreover, in both humans and animals, IL-1β [10, [13] [14] [15] [16] [17] [18] , IL-18 [18, 19] , and TNFα [20] [21] [22] [23] [24] have been associated with cognitive impairment, suggesting that these cytokines can impair functional properties of neuronal circuitries.
The hippocampus, a region containing key neuronal circuitries for memory, is a brain target for inflammation. Accordingly, inflammatory states induced by infection [15] , stress [25], brain pathology [26] and aging [13] impair hippocampal-dependent memory in animal models. Consistent with the evidence that memory deficits arise from synaptic dysfunction [27] [28] [29] [30] , inflammatory states suppress long-term potentiation (LTP), a crucial synaptic mechanism defined as a rapid and remarkably persistent increase in synaptic transmission elicited by brief patterns of afferent activity [31] . Evidence from several laboratories using in vivo [32, 33] [41] [42] [43] suppress LTP in hippocampal slices from rodents. Using a single-synapse approach to study LTP, we have recently reported that IL-1β can suppress chemically-induced LTP (cLTP) directly in mouse synaptosomes [44] , a preparation containing presynaptic terminals attached to post-synaptic dendritic spines [45] , providing intact synaptic units for biochemical, structural [46] and functional [47] [48] [49] [50] analysis. However, whether TNFα or IL-18 similarly act as final effectors directly targeting synapses to suppress LTP remains to be investigated. Alternatively, these cytokines may impair LTP by activating indirect mechanisms driven by cellularmolecular cascades involving microglia and astrocytes. To test the possibility that TNFα and IL-18 suppress LTP directly at synapses, we used fluorescence analysis of single-synapse long-term potentiation (FASS-LTP), our novel method to study cLTP in isolated synaptosomes [44, 51] . Synaptosomal cLTP is based on application of the NMDA receptor co-agonist glycine, which facilitates NMDA receptor activation [52, 53] . Previous work in hippocampal slices using cLTP and electrical-stimulated LTP has confirmed that glycine-induced cLTP and classical LTP approaches share underlying cellular processes [53] . In contrast to current electrophysiological approaches however, FASS-LTP allows for the analysis of synapses in isolation (i.e., in the absence of microglia and astrocytes) and thus for identifying neuronspecific mechanisms. To further focus on neuron-specific mechanisms, we used hippocampal neuronal cultures to evaluate cytokines' effects on cLTP and BDNF signaling, which facilitates hippocampal LTP [54] [55] [56] . Overall, our data support the idea that inflammatory cytokines differentially suppress LTP via direct and indirect mechanisms.
Materials and Methods

Animals
Both mice and rats were housed with food and water ad libitum. Lights were maintained on a 12:12 light/dark cycle. All procedures used in the present study followed the Principles of Laboratory Animal Care from NIH and were approved by the University of California, Irvine, Institutional Animal Care and Use Committee.
Hippocampal Cell Cultures
Primary cultures were prepared from E18 Sprague-Dawley rats as described previously [57] . Cells were maintained at 37 °C, O 2 /CO 2 (95%/5%) in Neurobasal medium supplemented with B27, GlutaMAX, and penicillin/streptomycin (all culture reagents from Invitrogen). After 5-7 DIV, neurons were treated at 37 °C with 50 ng/ml BDNF, 100 ng/ ml IL-18, and 50 ng/ml IL-1β (PeproTech), with control neurons receiving equal volumes of vehicle. For cLTP, 7-10 DIV neurons were treated as described previously [52, 58] . Briefly, hippocampal neurons were changed to normal pre-warmed (37 °C) external solution (120 mM NaCl, 3 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 , 15 mM glucose, 15 mM HEPES, pH 7.4) for 15 min. Next, cLTP was induced by changing the external buffer to Mg 2+ -free external solution (125 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 30 mM glucose, 10 mM HEPES, pH 7.4) supplemented with 0.2 mM glycine, 0.02 mM bicuculline and 0.003 mM strychnine, for 10 min. After cLTP stimulation, the incubation solution was changed back to external solution for 20 min. Neurons were treated with vehicle or cytokines before (15 min), during (10 min) and after cLTP stimulation (20 min). It should be noted that we used E18 rats for culture studies and mice for FASS-LTP experiments to open the possibility of follow up studies in transgenic models. Rat cultures provided great quantities of tissue for signaling pathway studies.
FASS-LTP
Synaptosomes Isolation
Fresh crude synaptosome P2 fractions were obtained from whole mouse hippocampus using our long-standing protocol [47] . All the steps for synaptosome P2 fraction isolation were carried out at 4 °C; sucrose buffer, grinder, pestle and microfuge tubes were all pre-cooled on ice. Hippocampi were rapidly dissected form a single mouse and homogenized in 320 mM sucrose (1.5 ml) containing HEPES [10 mM], antioxidant mix (1:100, SCAVEGR, BrainBits), and protease/phosphatase inhibitors cocktail (Pierce), pH 7.4. Homogenization consisted of 6-8 manual strokes in a Glass-Teflon grinder, clearance (between plunger and glass): 0.15-0.25 mm. Plunger was gently rotated during strokes while the grinder was kept on ice. The homogenate was centrifuged at 1200×g for 10 min. Supernatant (S1, containing mitochondria and synaptosomes) was transferred into two clean microfuge tubes and centrifuged at 12,000×g for 20 min. Supernatants (S2) were carefully removed using a plastic tip and vacuum. Pellets (P2, corresponding to the crude synaptosome fraction) were resuspended by gently pipetting up and down (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) [59] . Synaptosome P2 fractions were filtered with a 40-µm-pore cell strainer (BD Biosciences) and incubated in a cell culture dish (30 mm) with gentle rocking at room temperature (RT) for 10 min for recovery. A P2 fraction aliquot was used to determine protein concentration (BCA assay using BSA as a standard, Thermo). To prevent synaptosome damage, Finntip™ pipette tips (Thermo) were used in all steps.
Stimulation
After recovery, 180 µl synaptosomes (containing 50-200 µg protein, BCA assay) maintained in cLTP solution were transferred to cytometry tubes. As control, an equal volume (180 µl) of synaptosome maintained in external solution was also transferred to a cytometry tube. Synaptosomes in external solution were used to determine basal levels of potentiated synaptosomes (see below). All cytometry tubes were pre-warmed in a 37 °C bath (10 min) before stimulation. External, glycine and KCl solutions were also pre-warmed at 37 °C. Next, 20 µl of external solution was added to control synaptosomes (in external solution); whereas 20 µl of glycine solution (5 mM glycine in cLTP solution freshly supplemented with 0.001 mM strychnine and 0.02 mM bicuculline methiodide) was added to synaptosomes in cLTP solution (final [glycine] = 500 µM [60] ), and incubated for 15 min to prime synaptic NMDAR. After glycine treatment, synaptosomes were depolarized with 100 µl of a [high] KCl solution consisting of (in mM): 50 NaCl, 2 CaCl 2 , 100 KCl, 10 HEPES, 30 glucose, 0.5 glycine 0.001 strychnine, 0.02 bicuculline methiodide, pH 7.4 (final [KCl] = 37 mM), and incubated for 30 min; 100 µl of external solution were added to control synaptosomes. After KCl incubation, stimulation was stopped by sequential addition of 0.5 ml of ice-cold 0.1 mM EDTA-PBS (pH 7.4) and 4 ml of ice-cold blocking buffer (5% FBS in PBS). Tubes were chilled on ice and immediately centrifuged at 2,500×g for 6 min at 4 °C (9000 rpm, Sorvall RT6000B). After centrifugation, the supernatant was thoroughly discarded, and the pellet was resuspended by gentle finger agitation (no vortex) and kept on ice.
Immunolabeling
Primary antibody solution (400 µl) was added to the resuspended pellet and incubated for 30 min on ice with agitation. Primary antibody solution contained rabbit anti-GluA1 (Cell signaling #13185; 1:400) and mouse anti-Nrx1β (UC Davis/NIH NeuroMab Facility, 75-216, 2.5 μg/ml) antibodies in blocking buffer (5% FBS in PBS). After incubation synaptosomes were washed with 4 ml of ice-cold blocking buffer and centrifuged (2,500×g/6 min/4 °C). Supernatant was discarded and pellet gently resuspended as previously described. Secondary antibody solution (400 µl) was added to each tube and incubated for 30 min on ice with agitation and protected from light. After incubation synaptosomes were washed as previously described. Secondary antibody solution contained anti-rabbit IgG-Alexa-488 and antimouse-IgG1 Alexa 647 antibodies (Life Sciences), both at 2.5 µl/ml. Endogenous/non-specific background fluorescence for each marker were determined using secondary antibody staining only in a tube containing synaptosomes maintained in external solution (37 °C, 45 min); no differences in background fluorescence was found when comparing synaptosomes in external solution (basal state) or following cLTP stimulation. After the last wash, the pellet was resuspended as previously described and 400 µl of 0.25% paraformaldehyde in PBS was added to each tube. Samples were protected from light, maintained at 4 °C and run on a flow cytometer within 6 h.
Flow Cytometry
Samples were acquired using a Becton Dickinson FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA) equipped with argon 488 nm and helium-neon 635 nm lasers. Relative size and granularity was determined by forward (FSC) and side scatter (SSC) properties. FSC, SSC and fluorescence (FL1 [530 ± 15 nm] and FL4 [650 ± 25 nm]) signals were collected using log amplification. FSC-SSC plots were used to select particles matching the size of synaptosomes (~ 1.0 µm) using calibrated beads (Polysciences, Inc.) (Fig. 1a) , as previously described [51] . Identical FSC settings were used for acquiring data on bead standards and samples. Small fragments and debris were excluded by establishing a FSC-H threshold to exclude particles smaller than 1 3 0.5 µm. Settings for fluorescence amplification on FL1 and FL4 photomultiplier tube detectors were based on the emission detected on size-gated particles. Alexa 488 and Alexa 647 fluorochromes were detected by the FL1 and FL4 detectors, respectively. Ten thousand size-gated particles were collected and analyzed for each sample; event rate: approximately 500/sec. Analysis was performed using the CellQuest Pro software (BD Biosciences). Gates are set based on standard immunostaining protocols for flow cytometry [61] [62] [63] . Briefly, we use staining controls to discriminate background fluorescence due to both sample itself and unspecific binding of fluorescence-labeled antibodies. These controls are synaptosomes incubated only with secondary antibodies (no primary antibodies, 
Western Blot
Homogenates from neuronal cultures and immunoblotting were prepared as described previously [57] . After treatment, cells were washed in ice-cold PBS, then lysed in RIPA/Nonidet P-40 buffer containing protease and phosphatase inhibitor mixtures (Pierce, Thermo Fisher Scientific), and immediately frozen. Cells were harvested, Laemmli buffer added, boiled, run on Criterion Tris-HCl gels, and then transferred to PVDF membranes according to the manufacturer's instructions (BD Biosciences). Membranes were blocked in 5% BSA for 1 h and then probed with the primary antibody anti-p-Akt (Cell Signaling, #4060, dil = 1:2000) (4 °C, overnight). The membranes were washed (4 × 10 min in TBS with 0.1% Tween-20, vol/vol) and probed with HRP-conjugated secondary antibody for 1 h. The membranes were washed and developed by using Pierce Chemiluminescent Substrate (Pierce: #32106). Blots were washed, stripped, and reprobed with antibodies to Akt (Cell Signaling, #2920, dil = 1:1000) and beta-actin (Sigma, #A2066, dil = 1:3000). Membranes were incubated in stripping buffer according to the manufacturer's instructions (Pierce: 46430). ImageJ software was used for densitometry analysis.
Statistical Analyses
Sample sizes were chosen on the basis of previous experience with FASS-LTP [44, 51] and cell cultures [57] . As assumptions of normality (Shapiro-Wilk test) and equal variance (Bartlett's test) were met, for mean comparisons of three or more groups one-way ANOVA was followed by post hoc Turkey's test. Two-way ANOVA was followed by Bonferroni's post hoc test. Statistical tests were performed using GraphPad Prism 5.0. Data are presented as mean ± SEM. A P value < 0.05 was considered significant.
Results
We used our flow cytometry-based method FASS-LTP to evaluate cLTP in hippocampal synaptosomes of adult mice (9-10 month-old). To induce cLTP, synaptosomes were primed with glycine (500 µM, 15 min) in Mg 2+ -free solution followed by depolarization using KCl (37 mM) [44, 51] . Using flow cytometry and size calibrated beads (Fig. 1a) , FASS-LTP selectively and reliably identified synaptosomal particles from the crude P2 fraction [44, 51], which can be rapidly obtained (~ 30 min) and is enriched in synaptosomes [47, 64, 65] . We refer to these particles as size-gated synaptosomes. Using flow cytometry analysis on the crude P2 fraction, we have previously shown that the subset of particles of ~ 1.0 µm is enriched in viable synaptosomes: a high proportion of these size-gated particles stain positive for calcein-AM (> 90%), and express extra-and intra-cellular synaptic markers (e.g., synaptophysin, synapsin-I, PSD95) but no histone-H3 (nuclear) [44, 51, 66, 67] . Once gated by size (Fig. 1b) , FASS-LTP identifies potentiated synaptosomes by extracellular labeling (without permeabilization) using antibodies specific for extracellular epitopes on the AMPA receptor subunit GluA1 and neurexin-1β (Nrx1β) (Fig. 1c, d ). Nrx1β is a presynaptic adhesion molecule stabilized at the membrane surface by synaptic activity [68] which captures postsynaptic surface GluA1 via PSD95 [69] . GluA1 and Nrx1β double labeling ensures that we are analyzing intact synaptosomes that contain both pre-and postsynaptic elements.
A useful advantage of FASS-LTP is the possibility of testing multiple samples in parallel using minimal amount of tissue [51, 70] . In particular, we simultaneously tested the effect of TNFα, IL-1β and IL-18 by incubating hippocampal synaptosomes with each cytokine or vehicle for 15 min before cLTP stimulation. In synaptosomes treated with vehicle we detected an increase in the level of GluA1 + Nrx1β + synaptosomes following cLTP, relative to non-stimulated synaptosomes (basal condition: synaptosomes maintained in Mg 2+ -containing external solution) (P < 0.05, basal vs. cLTP, Bonfferoni post hoc, two-way ANOVA; Fig. 1d, e) . In contrast, in TNFα-treated synaptosomes levels of potentiated GluA1 + Nrx1β + synaptosomes were found to be similar comparing basal and cLTP conditions (Fig. 1d, e) , thus indicating that TNFα suppresses cLTP directly at the synapse. It is noteworthy that, by itself, TNFα slightly increased GluA1 + Nrx1β + levels in the absence of cLTP stimulation -free external solution were treated with vehicle or cytokines (50 ng/ml TNFα, 50 ng/ml IL-1β or 100 ng/ml IL-18) for 15 min. After cytokine treatment, cLTP was induced by sequential stimulation using 500 µM glycine (15 min) and 37 mM KCl (30 min). As control, equivalent volumes of external solution were added to a parallel set of synaptosomal fractions maintained in external solution (basal). Representative two-color parameter density plots show GluA1 (x-axis) and Nrx1β (y-axis) surface levels in size-gated synaptosomes following experimental treatments. e Values normalized to basal state of vehicle-treated synaptosomes, mean ± SEM, P = 0.003, two-way ANOVA, effect of cLTP stimulation, F 1,38 = 10.0, *P < 0.05 Bonferroni posttest, n = 8 independent experiments (8 mice, 9-10 months) Fig. 1d, e ). This result resembles previous studies showing that TNFα slightly and rapidly increases basal neurotransmission [43] , as well as surface GluA1-containing AMPA receptors at postsynaptic spines to control neuronal firing rate via homeostatic plasticity (scaling) mechanisms [71] . In IL-1β-treated synaptosomes, analysis of GluA1 + Nrx1β + double-labeled events showed that this cytokine suppresses cLTP (Fig. 1d,  e) . Notably, we found that IL-1β specifically impairs activity-dependent plasticity, but has no detectable effect in nonstimulated synaptosomes (106 ± 16% GluA1 + Nrx1β + in basal condition, Fig. 1d, e) . In contrast to TNFα and IL-1β effects on plasticity, IL-18 treatment did not affect synaptosomal cLTP, which displayed a significant increase in GluA1 + Nrx1β + size-gated synaptosomes in the presence of IL-18 (P < 0.05, basal vs. cLTP, Bonfferoni post hoc, twoway ANOVA; Fig. 1d, e) . IL-18 also did not affect basal levels of potentiated synapses (94 ± 13% GluA1 + Nrx1β + in basal condition, Fig. 1d, e) .
To validate FASS-LTP data showing no IL-18 effect on synaptosomal cLTP, we evaluated whether IL-18 influences activity-dependent signaling in primary neuronal cultures, a widely used approach to study neuron-specific mechanisms. In particular, we tested whether IL-18 modulates cLTP or BDNF signaling in rat hippocampal neuronal cultures. We used a hippocampal neuron culture model of cLTP based on a brief application of the NMDA receptor co-agonist glycine [52, 53] . In this experimental model, glycine-induced cLTP facilitates insertion of AMPA receptors into the postsynaptic surface and spine remodeling [52, 58, 72, 73] . As activation of PI3K-Akt pathway is crucial for insertion of AMPA receptors into the postsynaptic surface after LTP [74] [75] [76] [77] , we evaluated whether IL-18 influences cLTP-induced Akt activation. Consistent with FASS-LTP data (Fig. 1) , we found that IL-18 does not affect cLTP-induced Akt activation, as reflected by its phosphorylation at serine-473 (p-Akt) (Fig. 2) . In contrast, IL-1β treatment significantly reduced cLTP-induced increase in p-Akt levels (Fig. 2) . These results confirm FASS-LTP data and further support previous reports on the impairment of synaptic plasticity by IL-1β [32-37].
BDNF is crucial to hippocampal LTP [54] [55] [56] . While inhibition of BDNF signaling by IL-1β in cortical [78] and hippocampal [44, 57, 67] neurons has been previously reported, to the best of our knowledge no previous report had tested whether IL-18 modulates neuronal BNDF signaling. In particular, we evaluated whether IL-18 or IL-1β (as positive control) modulates BDNF-induced Akt activation in cultures of hippocampal neurons, which express both IL-1 receptor-1 (IL-1R1) [44] and IL-18 receptor [79] . We treated neurons with IL-18, IL-1β or vehicle for 2 h before BDNF stimulation. Data showed that IL-1β but not IL-18 suppresses BDNF-induced Akt phosphorylation (P < 0.05, Bonfferoni post hoc, two-way ANOVA; Fig. 3a) .
Next, considering that IL-18 signaling in neurons activates multiple pathways that follow differential kinetics (e.g., early MAPK but late STAT3 modulation [79] ), we pretreated neurons with IL-18 for 0.5, 1 and 2 h, before BDNF stimulation for 1 h. Data showed no inhibition of BDNF signaling by IL-18 at any time point tested (Fig. 3b) . Altogether, our results indicate that IL-18 does not reduce activity-dependent signaling either in synaptosomes or in hippocampal neuron cultures.
Surprisingly, compared to neurons treated with BDNF, p-Akt levels were higher in neurons treated with BDNF (1 h) and preincubated with IL-18 for 1 h (total time of IL-18 treatment = 2 h) (P < 0.05, Fig. 3b ), a finding resembling the transient activation of Akt by IL-18 treatment for 2 h but not 3 h in cortical neurons [80] . It is noteworthy that we did not detect additive effects on p-Akt levels by BDNF (1 h) plus IL-18 pretreatment (2 h) (total time of IL-18 = 3 h) (Fig. 3b) that IL-18 signaling, in a time-dependent manner, may be additive to BDNF signaling at the PI3K-Akt pathway.
Discussion
The idea that brain inflammatory signaling contributes to cognitive impairment is increasingly being supported by clinical and basic research. A key molecular signature of inflammation comprises sets of cytokines released by multiple brain cells including astrocytes and microglia. While cytokine networks are complex, including feedback loops, pleiotropy and crosstalk, we propose that dissecting final factors directly impairing synaptic plasticity may establish crucial endpoints in the cytokines-cell map. Identifying endpoint effectors could significantly contribute for developing novel therapeutics, designed to target selectively deleterious effects of inflammation on neurons and cognition, while preserving the benefits of brain immune responses. In this study, we report for first time that TNFα and IL-1β, but not IL-18, can suppress cLTP directly at synapses of adult mice. These data further exemplify unique roles of members of the IL-1 family, a major set of 11 cytokines including IL-1β and IL-18.
Brain expression of IL-1 (α or β) and TNFα genes is upregulated in at least eight major diseases/disorders of the brain (e.g., Alzheimer's, Down's, Parkinson's, major depressive disorder, multiple sclerosis, ischemia, trauma and epilepsy) [9, 81] . Elevated levels of IL-1 and TNFα in the brain may contribute to disease symptoms by affecting basic neuron functions. For instance, IL-1β and TNFα may lead to dementia by affecting synaptic plasticity. In support of this idea, research in animal models has shown that elevated signaling of both IL-1β [32-34, 36, 37, 82] and TNFα [20, 36, 42, 43] impairs LTP and memory. In agreement with our previous report that IL-1β impairs cLTP in hippocampal synaptosomes of middle-aged mice (12-15 month-old) [44], the present study shows that IL-1β similarly suppresses synaptosomal cLTP in adult mice (9-10 month-old), thus providing unequivocal proof that IL-1β can impair synaptic plasticity via neuron-specific mechanisms. We further extended FASS-LTP analysis to TNFα, and demonstrated that this cytokine suppresses cLTP in hippocampal synaptosomes of adult mice. Thus, by showing that both IL-1β and TNFα suppress cLTP directly in synaptosomes, our data support the evolving concept that neuronflammation negatively affects cognition directly at the synapse, and may lead to dementia [8] . It is worth mentioning that we treated synaptosomes with IL-1β and TNFα at 50 ng/ml, a high concentration compared to CSF levels of IL-1β and TNFα in AD (< 300 pg/ml) [83, 84] . However, in line with previous reports testing the effects of IL-1β and TNFα at 1-100 ng/ml in hippocampal slices [34, [36] [37] [38] 42 , 43], our data provide pre-tx (2 h) Fig. 3 Cytokine-induced modulation of BDNF signaling in neurons. a Primary rat hippocampal neurons (5-7 DIV) were preincubated for 2 h with IL-18 (100 ng/ml), IL-1β (50 ng/ml) or vehicle, as control. After cytokine treatment, neurons were stimulated with BDNF (50 ng/ml) for 1 h. Image shows representative western blot of phosphorylated and total levels of Akt, as well as beta-actin, as loading control. Relative levels of p-Akt (Ser-473)/Akt were normalized with vehicle-treated neurons (control). P < 0.0001, two-way ANOVA, effect of BDNF stimulation, F 1,26 = 24.53, *P < 0.05, [*]P < 0.001, Bonferroni posttest versus respective controls, n = 6. b Neurons (5-7 DIV) were preincubated with 100 ng/ml IL-18 for the indicated times. After cytokine treatment, neurons were stimulated with BDNF (50 ng/ml) for 1 h. Image shows representative western blot of phosphorylated and total levels of Akt. Relative p-Akt/Akt levels were normalized with vehicle-treated neurons, P < 0.0001, ANOVA, *P < 0.05; (*) P < 0.01; [*] P < 0.001, Tukey's post hoc test versus control, n = 5. Data are presented as mean ± SEM valuable in vitro information supporting a role of high -possible saturating-concentrations of inflammatory cytokines on synaptic dysfunction. In AD, the most common dementia, neuroinflammation interacts with key pathological and genetic risk factors (e.g., amyloid beta, tau, and APOE4). Studies in humans [85] and in transgenic mice [86, 87] have demonstrated that ApoE4, the strongest genetic risk factor for late-onset AD, is associated with higher innate immune reactivity than ApoE2 and ApoE3. Either whole blood from healthy APOE4 carriers or microglia derived from APOE4 targeted replacement mice demonstrate higher production of IL-1β [85, 87] and TNFα [85] [86] [87] , as compared to APOE3 carriers or microglia derived from APOE3 targeted replacement mice. Altogether, these evidences position IL-1β and TNFα systems in the group of promising targets to alleviate memory loss in AD.
The heterodimeric IL-1β receptor comprises the ligandbinding subunit, IL-1 receptor type 1 (IL-1R1), and the accessory protein subunits AcP and AcPb, which function as coreceptors [88] ; whereas TNFα signaling is transduced via either TNFR1 and TNFR2 receptors. Hippocampal neurons express high levels of IL-1R1 [89, 90] , AcP and AcPb [91] , as well as TNFR1 and TNFR2 [92] . Our finding that IL-1β and TNFα directly modulate cLTP in isolated synaptosomes strongly suggests that essential signal transduction components of these cytokines are locally present in synapses. Supporting this possibility, functional analysis of synaptosomes [93] [94] [95] , as well as biochemical and imaging studies in cultured neurons [96] provide evidence that synapses contain IL-1β and TNFα receptors along with their common downstream effector p38 MAPK, a stress kinase by which IL-1β [34] and TNFα [42] suppress electrically stimulated LTP in hippocampal slices. Thus, hippocampal synapses are well positioned to be modulated by both IL-1β and TNFα, rendering hippocampus vulnerable to age-and disease-associated inflammation. Alterations in the expression of receptors for IL-1β and TNFα may further aggravate the vulnerability of hippocampus. We have previously reported that aging increases IL-1R1-AcP receptor levels in hippocampal synaptosomes of mice. This age-dependent IL-1R1-AcP upregulation potentiates IL-1β signaling at the synapse, rendering cLTP vulnerable even to a low IL-1β concentration (3 pM) [44] . Similarly, binding affinity of TNFR1 increases whereas TNFR2 levels decreases in AD brains compared to healthy brains [97] . As it is thought that TNFR1 promotes inflammatory neurodegeneration whereas TNFR2 is neuroprotective [98, 99] , overall these data suggest that brain inflammation can be accompanied by reconfigurations in IL-1β and TNFα systems.
A highly promising therapeutic target for neurodegeneration is the Nlrp3 inflammasome [100, 101] , a macromolecular complex that controls systemic low-grade agerelated inflammation in both periphery and brain [102, 103] .
Activation of the Nlrp3 inflammasome leads to caspase-1-dependent cleavage of IL-1β and IL-18 precursors, converting these cytokines into mature forms. That caspase-1 processes both IL-1β and IL-18 suggests a possible crosstalk between these two cytokines in brain inflammation. Adding IL-18 to hippocampal slices impairs LTP, as shown by electrophysiological recordings [41] ; however, the naturally occurring IL-1 receptor antagonist (IL-1RA) blocks the suppression of LTP by , thus indicating that IL-18 impairs LTP indirectly, via an IL-1-dependent mechanism. Our data support this model by showing that IL-1β, but not IL-18, suppresses cLTP in isolated synaptosomes and neuronal cultures. We propose that, in contrast to the direct mechanism by which IL-1β suppresses LTP, IL-18 suppresses LTP via cytokine-cellular networks that may depend on multiple cell populations. A parsimonious possibility is that IL-18 induces production of IL-1β by microglia and astrocytes, as glial cells express IL-18 receptor (IL-18R) [104] and increase pro-IL-1β levels in response to IL-18 stimulation [104, 105] . Overall, based on a cytokine-cell network perspective, these evidences illustrate that IL-18 and IL-1β differ in their mechanisms to modulate synapses, despite of having a common activator.
A cytokine-cell network perspective may help to identify potential therapeutic targets for brain disorders characterized by neuroinflammation and cognitive decline. Dynamics of cytokine-cell maps could be defined by changes in steadystate levels of cytokine, in both periphery and brain in health and disease. During the course of AD, these steady-state levels may be reflecting adaptive cytokine network states, which could be supporting cellular mechanisms for healing and recovery such as tissue repair and protein clearance (e.g., Aβ clearance by microglia [106, 107] ). However, above certain thresholds of either concentration or time of exposure, inflammatory cytokines including IL-1β, TNFα and IL-18 may gradually contribute to memory deficits [108] , which could reflect impairments in synaptic plasticity mechanisms such as LTP. Our study identified IL-1β and TNFα as cytokines able to act as final effectors suppressing hippocampal LTP directly at the synapse. Notably, for synaptic dysfunction, IL-1β seems to be a common final point where several cytokine-cell networks converge to suppress LTP. Evidence suggests that IL-18 [41] and IFNγ [109, 110] activate glia-dependent molecular cascades that increase the levels of IL-1β, which impairs LTP directly in hippocampal neurons. In addition, as shown in a mouse model of postoperative cognitive decline, TNFα can act upstream to IL-1β and initiates a peripheral cytokine cascade that results in IL-1β-dependent memory impairment [14, 22] . In this model, a single dose of anti-TNFα antibody attenuates the increased IL-1β induction in hippocampus, and the IL-1β-dependent memory impairment [22] . Overall, these data provide experimental support to clinical and pre-clinical efforts to alleviate cognitive decline in AD by targeting IL-1β [111] and TNFα [112] . In particular, intrathecal [23] In summary, our data support a model where brain inflammation can suppress LTP via multiple cytokine-dependent mechanisms. We show that TNFα and IL-1β, two highly expressed inflammatory cytokines in the diseased brain, suppress hippocampal LTP directly at the synapse. According to this finding, TNFα and IL-1β may act as final effectors of cytokine-cell networks and impair synaptic plasticity, thus supporting therapeutic approaches to target TNFα and IL-1β to improve cognition in brain disorders with an inflammatory component. 
